Members of the Leishmania genus are obligate intracellular parasites that replicate within cells in the macrophage (M⌽) lineage, resulting in an array of clinical syndromes ranging from cutaneous lesions to visceralizing, lethal infections (29) . Immune regulation of host responses to Leishmania parasites has been extensively investigated in murine models of leishmaniasis. Specifically, resistance to Leishmania major in C57BL/6 (B6) or C3H mice is clearly linked to a dominant Th1 response (40) . Susceptibility of BALB/c mice to L. major is, in most cases, reliant upon early production of interleukin 4 (IL-4) (40) , which promotes lesion development during the early stages of infection. Meanwhile, long-term persistence of L. major in resistant strains of mice appears to be mediated by IL-10 production (4) .
Unlike infections with L. major, most inbred mouse strains are susceptible to L. amazonensis infection. Studies performed by our group and those by others have indicated a low level of Th1/Th2 mixed response, rather than Th2 dominance, as the central factor for nonhealing lesions in L. amazonensis-infected hosts (1, 19) . In addition, B cells and circulating antibodies (Abs) may also contribute to L. amazonensis pathogenesis (26) via multiple mechanisms, including Ab-mediated IL-10 production from M⌽s and dendritic cells (DCs) (25) . Decreased production of IL-12 (20) , coupled with diminished expression of the IL-12 receptor ␤ 2 (IL-12R␤ 2 ) chain on Th1 cells in L. amazonensis-infected mice (21) , strongly suggests that an IL-4-independent mechanism is responsible for reduced IL-12 responsiveness and, consequently, impaired Th1 response in L. amazonensis-infected hosts.
Attempts at boosting protective immunity against L. amazonensis have met with limited success. Our laboratory and those of others have explored the potential of DNA-and parasite antigen-based vaccines (12) , as well as the adoptive transfer of L. amazonensis-specific Th1 CD4 ϩ T-cell lines (20, 36) or antigen-pulsed DCs (44) , in the control of L. amazonensis infection in mice. Although each study consistently revealed an increase in gamma interferon (IFN-␥) production, tissue parasite burdens appeared not completely eliminated because disease syndromes eventually resumed. Recombinant IL-12 (21) or IL-1␣ (48) , when administered prior to L. major infection, made otherwise susceptible BALB/c mice resistant; however, exogenous IL-12 (23) or IL-1␤ (50) did not ameliorate L. amazonensis disease progression in L. amazonensis-infected mice. These reports indicate that other factors should be explored as potential therapeutic interventions for the control of nonhealing cutaneous leishmaniasis.
Chemokines play an important role in the proper development and functional aspects of leukocytes, as well as being crucial for the defense against pathogens. CXCL10/IP-10 (IFN-␥-inducible protein 10) binds with high affinity to CXCR3 (14) , a receptor known to be expressed on several types of cells in the hematopoietic lineage, including activated and memory CD4 ϩ and CD8 ϩ T cells, NK cells, M⌽s, and subsets of DCs (30) . The therapeutic potential of chemokines in the control of Leishmania infections has been explored recently (6, 8) . Specifically, we found that CXCL10 could activate leishmanicidal activity in murine M⌽s, resulting in a significant reduction in parasite infection in vitro, while local injection of CXCL10 markedly delayed disease development in susceptible B6 mice (46) . This enhanced parasite killing was partially due to increased production of multiple effector molecules, such as IFN-␥, IL-12, and nitric oxide (NO) following CXCL10 treatment. However, it is unclear whether CXCL10 can directly promote DC activation and Th1 responses to Leishmania infection.
Since both DCs and CD4 ϩ T cells express CXCR3, the cognate receptor for CXCL10 (24, 33) , we hypothesize that CXCL10 treatment will result in enhanced expression of IL-12 in DCs and production of IFN-␥ in CD4
ϩ T cells. Here we show that CXCL10 modulated IL-12 and IL-10 production in murine bone marrow-derived DCs (BM DCs). However, L. amazonensis-infected DCs exhibited elevated IL-10 levels despite the presence of exogenous CXCL10. Elimination of endogenous IL-10 increased the responsiveness of DCs and T cells to the presence of CXCL10, as judged by enhanced IL-12 p40 production in DCs and increased priming and expansion of Th1-like CD4 ϩ T cells. Furthermore, CXCL10 stimulated CD4 ϩ T cells to express the IL-12R␤ 2 chain and to produce elevated IFN-␥ levels. Collectively, these results indicate that exogenous CXCL10 triggers a Th1-favored, proinflammatory phenotype, which aids in the reduction of disease syndromes caused by L. amazonensis. This report further highlights the capability of CXCL10 to act on multiple cell types to exert proinflammatory activities.
MATERIALS AND METHODS
Mice. IL-10-deficient (IL-10 null ) and wild-type (WT) C57BL/6 (B6) mice were purchased from Jackson Laboratory (Bar Harbor, ME). Mice were maintained under specific pathogen-free conditions and used at 6 to 10 weeks of age. All protocols were approved by the Animal Care and Use Committee of the University of Texas Medical Branch (Galveston, TX).
Parasites. L. amazonensis (MHOM/BR/77/LTB0016) parasites were used in all of the experiments, and their infectivity was maintained by regular passage through BALB/c mice. Promastigotes were cultured in 20% fetal bovine serum (HyClone, Logan, UT)-supplemented Schneider's Drosophila media (Life Technologies, Rockville, MD) (pH 7) at 23°C.
BM DC culture and parasite infection. BM DCs derived from either WT or IL-10 null mice were cultured in vitro in the presence of 20 ng/ml of murine granulocyte-macrophage colony-stimulating factor (eBioscience, San Diego, CA) according to the methods of our previous report (37) . Briefly, at day 8 of culture, DCs were left untreated or were pretreated with recombinant mouse CXCL10 (Leinco Technologies, St. Louis, MO) (200 ng/ml) in the presence of different doses of lipopolysaccharide (LPS) (1, 5, and 20 ng/ml) or 20 ng/ml of LPS of Salmonella enterica serovar Typhimurium (Sigma, St. Louis, MO) plus 20 ng/ml of IFN-␥ (Leinco Technologies) for 4 h. In some cases, CD11c ϩ DCs were purified by positive selection using magnetic microbeads (Miltenyi Biotec, Auburn, CA). The purity of CD11c ϩ DCs was Ͼ90%. Cells were then infected with promastigotes at an 8:1 parasite-to-cell ratio at 33°C for 12 h and then at 37°C for another 12 h.
Fluorescence-activated cell sorter (FACS) analysis for DC surface markers and intracellular cytokines. The following specific monoclonal Abs (MAbs) were purchased from eBioscience unless stated otherwise: fluorescein isothiocyanateconjugated anti-CD45RB (C363.16A); phycoerythrin (PE)-conjugated anti-CD83 (Michel-17); anti-IL-12 p40 (C17.8); and PE-Cy5-conjugated anti-CD11c (N418) as well as isotype control Abs, including fluorescein isothiocyanateconjugated rat immunoglobulin G2a (IgG2a), PE-conjugated rat IgG2a, and IgG2b and PE-Cy5-conjugated hamster IgG. All staining steps were performed on ice. For intracellular staining of IL-12 p40, DCs were infected with parasites for 24 h, and 1 l GolgiStop (BD Biosciences, San Jose, CA) was added 6 h before harvest. Cells were washed and blocked for nonspecific Ab binding and Fc receptors for 30 min by use of purified anti-mouse CD16/32, hamster IgG (Pierce, Rockford, IL), and 2% rat serum (Sigma). Cells were stained for CD11c and CD45RB as well as CD83 (not shown), and the latter was used as an additional marker to ensure proper DC activation among the different experiments. After surface staining, cells were fixed and permeabilized with a Cytofix/ Cytoperm kit (BD Biosciences) and then stained for IL-12 p40. Appropriate isotype controls were included for both surface and intracellular staining. Cells were analyzed on a FACScan system (BD Biosciences) using FlowJo software (TreeStar, Ashland, OR). The mean fluorescence intensities (MFI) were calculated by subtracting the MFI of a given cell from the value obtained for its analogous conjugate isotype control MAb.
Isolation and stimulation of CD4 ؉ T cells. CD4 ϩ T cells were purified from the spleens of naïve B6 mice or from the draining lymph nodes (DLN) of B6 mice infected with 2 ϫ 10 6 L. amazonensis cells for 8 to 10 weeks via negative selection using magnetic beads (Miltenyi Biotec). FACS analysis indicated ϳ95% CD4 Cytokine ELISA. Cytokine levels in the supernatants of infected DCs and T cells as well as in DC-T-cell co-cultures were measured by enzyme-linked immunosorbent assays (ELISA) specific for IL-12 p40, IL-10, and IFN-␥ (BD Biosciences). Detection limits were 16 pg/ml for IFN-␥, 4 pg/ml for IL-10, and 10 pg/ml for IL-12 p40.
Data analysis. To evaluate the statistical significance of data among different groups, a one-way analysis of variance with a Tukey's multiple comparison posttest was performed utilizing GraphPad Prism version 4.00 for Windows (GraphPad Software, San Diego, CA). A difference in mean values was deemed significant at P Ͻ0.05 or very significant at P Ͻ0.01. To determine the statistical difference in calculated MFIs, a Student's two-way t test was also performed.
RESULTS
Modulation of IL-12 and IL-10 production by CXCL10-treated DCs. We have shown that CXCL10 can stimulate murine M⌽s to produce several proinflammatory cytokines and chemokines, and intradermal injection of CXCL10 reduced lesion development in susceptible C57BL/6 mice (46). Given the known expression of CXCR3 on DCs (24) and the critical roles of DCs in innate and acquired immunity to Leishmania parasites (13, 37), we investigated here the stimulatory effects of CXCL10 on BM DCs. We first focused our study on CD45RB low CD11c ϩ DCs, since this subset is activated (expressing high levels of CD40 and CD83) and is the major producer of IL-12 p40 in response to infection with Leishmania promastigotes (50) . We also determined that 200 ng/ml of CXCL10 was the optimal dose for treatment, since higher concentrations did not significantly change the percentage of IL-12 p40-producing cells observed (data not shown). As shown in Fig. 1A , following treatment with 200 ng/ml of CXCL10 for 24 h, ϳ9.5% of uninfected CD45 low CD11c ϩ DCs were positive for intracellular IL-12 p40, which represented a 3.5-fold increase in comparison to findings obtained with untreated cells (2.6%). As expected, DCs treated with LPS/IFN-␥ displayed an eightfold increase in IL-12 p40-producing DC levels compared to results obtained with untreated cells. In addition, the MFIs of CXCL10-treated DCs (86.1 Ϯ 19.7; P Ͻ 0.05) were also significantly elevated, and in the case of LPS/ IFN-␥ (303.8 Ϯ 57.2) highly elevated, in comparison to findings obtained with untreated controls (32.7 Ϯ 9.7; P Ͻ 0.001). No IL-10-producing cells were detected in any group by intracellular staining (data not shown). Using ELISA, we found a significant elevation of IL-12 p40 production ( Fig. 1B ; P Ͻ 0.05). In the presence of different doses of LPS (1 to 20 ng/ml), we found that CXCL10 could enhance the production of IL12p70 and IL-10 from LPS-stimulated bulk or purified DCs (Fig. 1C and 1D ). These observations suggest that CXCL10 treatment can enhance DC function, which is critically important for the control of Leishmania infection (46) . Exogenous CXCL10 does not reverse the immunomodulatory effect of L. amazonensis on IL-10. Since Leishmania parasites can modulate DC activation and function (9, 28, 37), we next examined the effect of CXCL10 on DC maturation and activation during L. amazonensis infection. DCs infected with promastigotes (8:1 parasite-to-DC ratio) for 4 h prior to treatment with CXCL10 showed enhanced DC activation, as judged by high frequencies of both CD83 ϩ CD45RB low DCs (data not shown) and IL-12-producing cells (Fig. 2A) . The presence of exogenous CXCL10 increases (from 1.02% to 10.54%) IL-12 p40 levels in uninfected cells (MFI, 28.68 Ϯ 8.3 to 102.12 Ϯ 8.6; P Ͻ 0.05), as well as IL-12 p40 levels in L. amazonensisinfected cells, but not to the degree observed in naïve DCs (from 5.96% to 7.32%) (MFI, 50. (Fig. 2B) . Although CXCL10 treatment could reduce IL-10 production from uninfected DCs, it did enhance IL-10 production from L. amazonensis-infected DCs with or without the stimulation of 20 ng/ml LPS ( Fig. 2B and  2C) . Also, the suppressed IL-12p70 production following L. amazonensis infection in the presence of LPS was partially reversed by CXCL10 treatment (Fig. 2C) . Similar results were observed using purified CD11c ϩ DCs (data not shown). These observations imply that although CXCL10 treatment consistently enhanced IL-12 production from DCs, CXCL10 appeared to suppress IL-10 production in the absence of parasite infection but appeared to promote IL-10 production from L. amazonensis-infected DCs.
IL-10 null DCs produce increased IL-12 levels following CXCL10 treatment. IL-10 is a well-known, immunosuppressive cytokine that is essential in down-modulating immune responses to numerous pathogens and preventing immune pathology (28) . Indeed, DCs that matured in the presence of IL-10 gave rise to regulatory DCs, which promoted T-cell anergy and tolerance (49) . L. amazonensis parasites have been shown to down-regulate IL-12 production in DCs and to limit DC antigen-presenting functions via multiple mechanisms that include, but are not limited to, IL-10 release (22, 37) . To assess the involvement of IL-10 in CXCL10-mediated DC activation, we utilized BM DCs from IL-10 null mice. Compared to WT DCs, IL-10 null DCs exhibited elevated baseline production of IL-12 p40 as well as stimulation-or infection-induced IL-12 secretion (Fig. 3) . Consistently, we observed that, in comparison to the results seen with their WT counterparts, deletion of IL-10 resulted in approximately 3% and 7% increases in the frequencies of IL-12 p40-producing DCs following treatment with CXCL10 and infection with parasites, respectively (Fig.  3A) . Most strikingly, there was a nearly 11% increase in frequencies, as well as a very significant rise of MFIs, of IL-12 p40-producing cells in L. amazonensis-infected, CXCL10-treated IL-10 null DCs in comparison to the results seen with their WT counterparts (P Ͻ 0.01). Consistent with these FACS data, ELISA analysis (Fig. 3B ) also showed a significant increase in IL-12 p40 production in all IL-10 null groups versus their WT DC counterparts (P Ͻ 0.05) as well as among IL-10 null DCs following treatment with CXCL10 and parasite infection (P Ͻ 0.05). Collectively, these data indicate that abrogation of endogenous IL-10 can markedly enhance CXCL10-mediated and Leishmania infection-mediated DC activation via promoting IL-12 production. Fig. 4A ; P Ͻ 0.01). These observations suggest that in the absence of IL-10, CXCL10 can promote the priming and expansion of L. amazonensis-specific CD4 ϩ T cells. Since activation of CD4 ϩ T cells is responsible for both protective immunity and disease pathogenesis, depending on the magnitude of Th1-type responses (19, 20, 23, 42) , we used DC-T-cell co-culture assays to determine whether CXCL10 treatment of DCs could increase the production of Th1-biased cytokines. As expected, we found that IL-10 secretion was significantly decreased among all IL-10 null groups in comparison to results seen with their WT counterparts ( Fig. 4B ; P Ͻ 0.05). WT CD4 ϩ T cells co-cultured with CXCL10-treated WT DCs showed a highly significant decrease in IL-10 production compared to the untreated control results (P Ͻ 0.05), suggesting that CXCL10 treatment can also suppress IL-10 release in CD4 ϩ T cells as well as in DCs (Fig. 2B) . IFN-␥ secretion increased when IL-10 null CD4 ϩ T cells were co-cultured with CXCL10-treated IL-10 null DCs, although not significantly. We did observe a statistical increase in IFN-␥ levels in groups exposed to L. amazonensis alone or to L. amazonensis plus CXCL10 ( Fig. 4C ; P Ͻ 0.05). Together, these results suggest that in the absence of IL-10 from both DCs and T cells, CXCL10 treatment can markedly promote priming of CD4 ϩ T cells to become antigen-specific Th1 cells.
To further examine the source of IL-10, we utilized a crossco-culture system in which IL-10 was eliminated from either CD4 ϩ T cells or DCs. As shown in Fig. 4D , there was a significant increase in the proliferation of WT CD4 ϩ T cells when IL-10 was eliminated from L. amazonensis-infected, CXCL10-treated DCs in comparison to the findings obtained with IL-10 null CD4 ϩ T cells incubated with L. amazonensisinfected, CXCL10-treated WT DCs (P Ͻ 0.05) and L. amazonensis-infected, IL-10 null DCs (P Ͻ 0.05), suggesting that IL-10 inhibited DCs to properly signal CD4 ϩ T cells to expand. In addition, we consistently observed that eliminating IL-10 from CD4 ϩ T cells significantly impacted increased T-cell IFN-␥ production ( Fig. 4E ; P Ͻ 0.05 and P Ͻ 0.01). Collectively, these data illustrate the important role of IL-10 in modulation of both DC and T-cell functions.
CXCL10 directly stimulates CD4 ؉ T cells to express the IL-12R␤ 2 chain and produce IFN-␥. Given that L. amazonensis-infected mice are deficient in Th1 cell activation (20, 22) due to an IL-4-independent down-regulation of the IL-12R␤ 2 chain on CD4 ϩ T cells (22, 23) , we therefore examined whether CXCL10 treatment could overcome these deficiencies on CD4 ϩ T cells. CD4 ϩ T cells were isolated from the spleens of naïve mice, treated with 200 ng/ml of CXCL10 for 24 h, and subjected to RT-PCR analysis. While IL-12R␤ 2 mRNA was undetectable in untreated naïve CD4 ϩ T cells (Fig. 5A, lane 1) , CXCL10 treatment resulted in a 2.5-fold increase in the expression of the IL-12R␤ 2 chain (Fig. 5A, lane 3, and 5B). To 
cells, we isolated CD4
ϩ T cells from DLNs of B6 mice that were infected with L. amazonensis for 6 to 8 weeks. These cells were either rested in medium for 24 h or treated with CXCL10 for 24 h in the absence of APCs and antigen prior to RNA isolation. Although primed, rested CD4 ϩ T cells expressed low levels of IL-12R␤ 2 but not of IFN-␥ (lane 2), CXCL10 treatment led to 3.5-and 2-fold increases in IL-12R␤ 2 and IFN-␥ expression (Fig. 5A, lane 4, and Fig. 5B ), respectively. These data suggest that CXCL10 can directly stimulate the expression of the IL-12R␤ 2 chain, making CD4 ϩ T cells more responsive to IL-12. Although CXCL10 is a downstream molecule induced by IFN-␥, CXCL10 can, in turn, trigger strong IFN-␥ gene expression via antigen-dependent and -independent means (27) . Consistent with this notion, we found that in vivo-primed, CXCL10-treated CD4 ϩ T cells produced significant amounts of IFN-␥ ( Fig. 5C ; P Ͻ 0.05). These data suggest that CXCL10 potentially enhances T-cell responsiveness to IL-12 and can stimulate IFN-␥ production.
DISCUSSION
Chronic, nonhealing L. amazonensis infection in mice has been linked to both impaired production of IL-12 and unresponsiveness of CD4 ϩ T cells to IL-12 activation, resulting in diminished Th1 response (19, 23) . It has been proposed that L. amazonensis parasites can evade host immunity by inhibiting these early responses (19) , thus preventing the expansion of antigen-specific Th1 cells even in the absence of Th2 dominance (3) . In this study, we investigated the effects of CXCL10 treatment on both DCs and CD4
ϩ T cells and their potential influence upon L. amazonensis infection in mice. While much has been learned regarding the role of CXCL10 in T-cell chemotaxis (27) , this report is focused mainly on the ability of CXCL10 to function in the cellular activation of both DCs and CD4 ϩ T cells in L. amazonensis infection. Using an in vitro DC infection and T-cell priming system, we have provided evidence that CXCL10 treatment can trigger significant production of IL-12 p40 and of IL-12p70 and IL-10 in the presence of LPS ( Fig. 1 and 2 ). In the presence of exogenous CXCL10, (Fig. 2) . The role of endogenous IL-10 in DC and T-cell activation during L. amazonensis infection and the interplay between IL-10 and CXCL10 was further investigated using DC and CD4 ϩ T cells that were derived from IL-10 null mice ( Fig.  3 and 4) . This report provides the first evidence that while eliminating endogenous IL-10 from DCs greatly enhances DC IL-12 production and its antigen-presenting functions, eliminating IL-10 from both DCs and CD4
ϩ T cells allows maximal T-cell proliferation and IFN-␥ production during L. amazonensis infection (Fig. 4) . Collectively, the data presented in this report indicate that L. amazonensis parasites have certain intrinsic features favoring the production of IL-10 over IL-12 in DCs even in the presence of exogenous, Th1-promoting CXCL10. In addition, this report suggests that the direct effect of CXCL10 on CD4 ϩ T cells in stimulating the expression of the IL-12R␤ 2 chain and IFN-␥ production may contribute to the protective effect of CXCL10 treatment in vivo, an idea which warrants further investigation (46) . IL-10 is known to inhibit the induction and expression of cell-mediated immunity required for the control of many intracellular pathogens, including L. major, Toxoplasma gondii, and Trypanosoma cruzi (4, 16, 17) . IL-10 can be produced by many cell types, including M⌽s, conventional DCs, T cells, B cells, and NK cells (31) . At the DC level, IL-10 can act against Th1 development by blocking IL-12 production, can interfere with DC maturation, and can modulate apoptosis (18) . It has been shown that IL-10 null B6 mice or WT B6 mice treated with anti-IL-10 receptor Abs achieved a sterile cure for L. major infection (5). We and others have reported that susceptibility to L. amazonensis is not solely dependent on the expression of IL-10, since these parasites persisted in IL-10 null mice despite enhanced Th1 responses at early and late stages of infection (20, 22) . While IL-10 production in Leishmania infection is crucial for M⌽ suppression and disease exacerbation (10), we found that IL-10 null DCs have an enhanced capacity for production of IL-12 ( Fig. 3) and that that capacity was greatly amplified in L. amazonensis-infected, CXCL10-treated IL-10 null DCs (Fig. 3B) . These data suggest that in WT DCs, despite the beneficial effects afforded by CXCL10 treatment, exogenous CXCL10 can only partially overcome IL-10-mediated suppressive effects in L. amazonensis-infected DCs (Fig.  2) . Our results are consistent with a report that described augmented inflammation by M⌽s with a specific deletion of the IL-10 after exposure to LPS (41) . These results show the direct influence of IL-10 upon DC function throughout the duration of an immune response to intracellular pathogens.
In the present study, we also examined the importance of DC-versus T cell-derived IL-10 in the host response to L. amazonensis infection. We have shown that the magnitude of antigen-specific T-cell proliferation and T-cell cytokine production (IL-12, p40, and IFN-␥) reached its highest level when endogenous IL-10 was eliminated from both DC and CD4 ϩ T cells (Fig. 4) . These observations are consistent with those of a previous report (35) , suggesting that in the absence of IL-10, CXCL10 impacts T-cell expansion, which is often defective in L. amazonensis-infected mice. Interestingly, we also found that while eliminating IL-10 from DCs greatly enhanced DC IL-12 production from all three treatment groups (CXCL10, L. amazonensis infection, and CXCL10 plus infection; Fig. 3 ), limiting IL-10 from the T-cell source had more profound effects on T-cell IFN-␥ production in all three treatment groups (Fig. 4) . These observations are consistent with a previous report showing that IL-10-deleted T cells secreted substantial amounts of proinflammatory cytokines after in vitro activation with Toxoplasma gondii (38) . Together, the data from our in vitro studies presented herein support those from our previous studies employing foot tissues and DLNs derived from L. amazonensis- infected mice (20) , indicating that during natural L. amazonensis infection in an immunocompetent host, endogenous IL-10 from both DCs and T cells contributes to impaired cell-mediated immune responses to this parasite. Since IL-10 null mice remain susceptible to L. amazonensis infection and develop a persistent infection (19, 22) , it is possible that IL-10 is not the sole factor and that other suppressive, regulatory cytokines such as transforming growth factor ␤ (2) or other undefined mechanisms may also contribute to host susceptibility to this parasite.
CXCL10 is a CXC chemokine known to favor the recruitment and activation of Th1-polarized cells (39) . IFN-␥-producing Th1 cells most commonly express CXCR3 and CCR5, while IL-4/IL-5-producing Th2 cells are more often characterized by expression of CCR4 (7). CXCR3 ligands (CXCL9/Mig, CXCL10, and CXCL11/iTAC) are secreted by multiple cell types, including endothelium cells, epithelium cells, fibroblasts, keratinocytes, neutrophils, monocytes, and DCs, and are chemotactic for leukocytes, especially activated T cells (15) . Currently, there are several reports on the effect of CXCL10 in the control of infections caused by intracellular pathogens, and those concerning Leishmania infections have reached contradictory conclusions. For example, early and strong induction of the CXCL10 gene strongly correlated with the healing phenotype in L. major-resistant B6 mice (32, 43) ; however, a single injection of CXCL10 into L. major-susceptible BALB/c mice resulted in enhanced lesion development (47) . Furthermore, L. major-infected CXCR3 Ϫ/Ϫ mice were capable of mounting an efficient Th1 response, since increases in Th1-associated IgG2a and significant IFN-␥ and IL-12 production by DLN cells restricted the systemic spread of infection and yet failed to control parasite replication at the site of infection, resulting in the development of chronic, nonhealing lesions (39) . Indeed, L. major has been reported to release an inhibitory factor which interferes with neutrophil release of CXCL10 in an effort to prevent NK cell activation (45) . Therefore, most reports suggest a beneficial role of CXCL10 in cutaneous leishmaniasis caused by L. major infection (39, 43, 47) and visceral leishmaniasis caused by L. donovani (14) .
Nonhealing, cutaneous leishmaniasis caused by L. amazonensis infection in mice is marked by IL-4-independent down-regulation of the IL-12R␤ 2 chain on CD4 ϩ T cells and lack of responsiveness to IL-12 treatment (20, 23) , which is possibly due in L. amazonensis-infected hosts to suppressed levels of nitric oxide, a well-known IL-12R␤ 2 chain inducer (34) . We found that CXCL10, when given to purified naïve or L. amazonensis-primed CD4 ϩ T cells, markedly enhanced mRNA transcripts of the IL-12R␤ 2 chain (Fig. 5) . It has been postulated that CXCL10 may be relevant in human immune responses not only for its role in the chemotaxis of T cells to inflammatory sites but also for regulating the expression of cytokine synthesis patterns. Furthermore, CXCL10 binding to its receptor was found to act as a costimulus with antigen, resulting in substantially enhanced IFN-␥ production, which inhibited T-cell proliferation (11) . In the present study, we also observed a significant increase in IFN-␥ production in L. amazonensis-primed, CXCL10-treated CD4 ϩ T cells (Fig. 5C ). While it is tempting to speculate that CXCL10-mediated upregulation of the IL-12R␤ 2 increases CD4 ϩ T-cell responsiveness to IL-12 signaling, currently, the validity of that speculation remains undetermined, and, accordingly, studies in this area are ongoing.
In summary, we report here that CXCL10 treatment could directly increase IL-12 p40 production as well as APC function in DCs. L. amazonensis-infected DCs also secreted significant amounts of IL-10, which limited the efficacy of CXCL10-induced IL-12 p40 production. The elimination of IL-10 led to the enhanced production of IL-12 in DCs and CD4 ϩ T-cell proliferation and IFN-␥ production in groups treated with CXCL10. In addition, the presence of exogenous CXCL10 led to increased expression of the IL-12R␤ 2 chain on CD4 ϩ T cells, resulting in potentially enhanced IL-12 responsiveness and subsequent IFN-␥ production.
